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L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés. Pedanius' De materia medica 2 is the first pharmacopeia to appear in Europe during the 1st century A.D., and contains description of 600 plant products and 70 animal products. Nevertheless, no effort was made to construct a unifying theory that underlies the observations.
At the same time, advances in chemistry enabled pharmacologists to separate drugs into different parts. Scientists discovered that the effect of many drugs was due to an active principle. For example, Sertürner isolated morphine and meconic acid from opium in 1803, and demonstrated that the sedative property of opium was due exclusively to morphine (which he called "morphium") 3 ; this was achieved by testing morphine on his friends.
Paul Ehrlich 4 formulated the Seitenketten-Theorie to account for the interaction between drugs and receptors: biological tissues contained side-chains, which bound toxins or dyes. The original function of the side-chains was not to bind toxins or dyes, but to carry out certain essential physiological functions. Different tissues had different side-chains, and since dyes had different affinities for these side-chains, the staining of vital dyes was specific. Toxins were harmful because they bound to the side-chains on the tissues, preventing the side-chains from carrying out their physiological functions. Antitoxins bound to the toxins to prevent the latter from coming into contact with side-chains on the tissues.
Ehrlich's conclusions spurred scientists on to uncover links between the In the course of this work, it was realised that a better understanding of the detailed atomic structure of the receptor would facilitate our understanding. Since most biological receptors are proteins, this has to wait for the development of crystallography 5 and resolution of the structure of the proteins. The first protein thus studied, haemoglobin, also happens to bind a simple ligand, the oxygen molecule 6 . From then on, many soluble protein receptors have been crystallised, and their atomic structure resolved. Membrane protein receptors have to wait till the development of electron microscopy image processing techniques 7 before their structures were resolved 8 . In addition, nuclear magnetic resonance methods can also be used to solve the structures of proteins 9 .
Crystallography, electron microscopy, and nuclear magnetic resonance are invaluable in elucidating the structure of proteins. Nevertheless, they do not provide us with simultaneous information about the structure and dynamics of the ligand- 
Non-dissociatve Studies of Biomolecular Complexes
The earliest simulations on ligand-receptor complexes are all 'non-dissociative'
simulations. 'Non-dissociative' means that no attempt has been made to dissociate the ligand from the receptor in these simulation studies. Non-dissociative studies aimed to validate the simulations with experimental data, by comparing the simulated structure with the crystallographic or NMR structure. There were some attempts to locate the interactions between the ligand and the receptor. Subsequently, as computer power improved, attempts were made to simulate the unbinding of ligands from receptors. Subsequent work focused on the unbinding of retinoic acid from the retionic acid receptor 19 . Since the authors did not know the pathway(s) of unbinding, they applied three unbinding pathways, using an unbinding speed of 0.032Å/ps (3.2 m/s). They concluded that pathway 2 involved large changes in protein conformation, while pathways 1 and 3 disturbed protein conformation to a lesser extent. Using structural arguments, they suggested that pathway 1 was the binding pathway, while pathway 3 was the unbinding pathway. However, no attempt was made to verify this experimentally.
A combined simulation and crystallographic study was performed in the same 
Mutual repulsion
In the method of mutual repulsion 23 , the centres of mass of the ligand and the receptor are assigned what can be called "pseudo-charges", g, that increase linearly with time. A potential Ψ(r) is defined:
where r i is the position vector of the atom i, g is the magnitude of the pseudocharge at that time, R 1 is the position vector of the centre of mass of the receptor, and R 2 is that of the centre of mass of the ligand.
The pseudo-charges interact with each other, but do not affect the normal electronic partial charges assigned to each atom. They repel or attract each other There are two advantages of the method. Firstly, since the force due to the pseudo-charges is calculated with respect to the centre of mass, no torque is generated on the molecules. The molecules will be allowed to explore the unbinding path with fewer artificial forces. Secondly, since the pseudo-charge increases slowly, the potential Ψ(r i ) can be exploited for the calculation of the Helmholtz free energy ∆A by the adiabatic switching method, as explained later.
To demonstrate the validity of this method, I applied it to unbind retinol from the bovine serum retinol-binding protein. Atomic coordinates of the holo-sRBP 24 were obtained from the Protein Databank (PDB code: 1HBP); the structure of the protein is shown in figure 1. The model for the protein and retinol was parameterised using the GROMOS 87 potential 25 . With conservation of crystallographically determined water molecules, the protein was solvated in truncated octahedral boxes filled with 5537 SPC/E water 26 molecules using the wateradd utility in DL POLY. Four sodium ions were added to ensure total electronic neutrality.
All minimisations and simulations were performed using version 2 of DL POLY 27 . The solvated structure was minimised using the zero-K minimisation option, and simulations were started with an NVT run at 30 K, taking initial velocities from a Maxwellian distribution. The temperature was gradually increased in steps to 310 K over a period of 100 ps, using a Nosé-Hoover thermostat 28 . SHAKE 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Pseudo-charges were given dimensionless units. The force due to the pseudocharges between the centres of mass was:
where F was the magnitude of the force between the two pseudo-charges (k = 1.6605402 × 10 −33 kg m 3 s −2 and is a constant inserted to ensure that the force due to the pseudo-charges is adjusted to the internal units of DL POLY, and that it is also of comparable magnitude to the other forces). The pseudo-charges were implemented by inserting the commands in the subroutine extnfld.f; extra forces were assigned to the centres of mass of the ligand and the receptor, respectively, and then equally distributed to all atoms.
The mutual repulsion was coupled with the method of adiabatic switching to
give an estimate of the free energy change of unbinding. In the NVT ensemble, the NVE Hamiltonian of the physical system, H 0 , is added to the thermostat part of the Nosé-Hoover thermostat, H ′ , to give H n , a "Nosé conserved quantity" or a "Nosé pseudo-Hamiltonian":
The partition function for this extended Nosé pseudo-Hamiltonian can be written as:
29 S. Melchionna, G. Ciccotti and B.L. Holian (1993) Hoover NPT dynamics for systems varying in size and shape, Molecular Physics, 78, 533-544. 
When the Ψ(r i ) potential is applied in addition to the thermostat, the gradually increasing mutual repulsion can be viewed as a switching function of the type described by Watanabe and Reinhardt 30 . These authors also showed that the Helmholtz free energy difference, ∆A, is equal to the total energy difference of the extended Nosé conserved quantity (the NVE Hamiltonian plus the thermostat part) under the adiabatic transformation:
It is imperative for the mutual repulsive force to increase very slowly, otherwise this method is no longer valid.
In the beginning of the simulation, the pseudo-charge was held at zero for 50 ps.
At the end of the simulation, when retinol could not go any further without colliding with the other side of the protein through periodic boundary conditions, the pseudo-charge was held at 290.5, and the system equilibrated for 50 ps, followed by a data collection period of 50 ps. The final and initial 50-ps periods were used for evaluating the change in Helmholtz free energy when the ligand was unbound from the receptor. Let the initial kinetic energy, potential energy and pseudocharge potential energy be, respectively, K i , V i and Ψ i , and their final values be, respectively, K f , V f and Ψ f . The kinetic energy and potential energy values are derived from the Nosé conserved quantity. The Helmholtz free energy change ∆A is given by:
These quantities could all be read off the OUTPUT file of DL POLY, so it was quite straight-forward to compute ∆A. 
Free energy changes
Both my simulation and previous experiments showed that the free energy change was purely entropic. The experiment was performed in the NPT ensemble 32 , and the entropy change ∆S = −364 J mol −1 K −1 . This value compares favourably with my NVT simulation result of ∆S = −580 ± 30 J mol
Changes in binding site
I was able to examine the trajectory to define the movement of water and protein atoms in ligand-receptor interactions. I located the atoms of the binding site, and found that they formed a quasi-convex hull. Triangles were constructed from the polyhedron vertices using a convex hull programme 33 . The binding site volume was found to be about 5900Å 3 in the initial 500 ps. It then decreased to below 5700Å 3 at about 700 ps. During the last 300 ps, the volume increased to about 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Hydrophobic interaction
The hydration properties of retinol as it emerged from its binding site were examined 37 . 5.5Å was defined as the first hydrophobic hydration shell limit distance.
When the ligand was bound, the number of water molecules within the first hydration shell of retinol was 44.7 ± 0.5, but this number increased to 76.2 ± 1.4 for the last 50 ps, when the ligand was unbound.
Morever, I identified a group of water molecules that were in the bulk region when retinol was bound, but came to coat retinol when the ligand had unbound.
I examined the properties of these water molecules, and showed that they were indeed in the bulk phase in the beginning of the simulation, but came to adopt a hydrophobic-hydration configuration with respect to retinol towards the end of the simulation 38 .
35 P. In each simulation, the structure of the protein-ligand complex was minimised for 20000 steps using the zero-K minimisation method. All non-hydrogen atoms of the ligand, and all C α atoms of the protein were tethered to their original positions, and the structure heated up to 310 K over 250 ps, followed by an equilibration period of 100 ps. Data production was carried out after equilibration, with configuration dumping taking place every 1 ps. The time-step used was always 1 fs. A Nosé-Hoover thermostat was applied with a thermostat constant of 0.1 ps.
The unbinding required special care. Indeed, these simulations revealed a question with this unbinding method: mutual repulsion acted on the centre of mass of the two molecules, so if the unbinding trajectory was not around the line joining the two centres of mass, would the ligand leave the binding site?
Initially, I implemented the unmodified mutual repulsion method, with the line of In all simulations using the modified method, unbinding forces were increased to achieve an unbinding speed of about 20 m/s. In half the simulations, tethering remained on the C α atoms of every 5 amino acids, during the whole unbinding process (symmetric tethering). The amino acids within 5Å of the unbinding ligand were identified; these amino acids are called the "binding path amino acids". In the other half of simulations, the tethering was lifted from the C α atoms of these binding path amino acids (asymmetric tethering). In order to examine the effect of initial conditions on the unbinding trajectory, two starting conditions were used after equilibration. Either the unbinding simulation continued from equilibration (no velocity re-scaling), or the velocity of all particles were re-scaled to 310 K once, at the beginning of the data production run (velocity re-scaling) 43 . 
Results from 5-HT unbinding

Future directions
This work shows that, under certain circumstances, the mutual repulsion method can allow the ligand to follow an unbinding trajectory very different from the line joining the centres of mass of the ligand and of the receptor. Whether this is generally applicable is not certain. A more useful method would be to unbind a ligand using random forces 46 .
A random force method has been developed by Lüdemann et al. 47 In this method, a force is applied to the ligand in a random direction. If the ligand cannot travel a certain distance r min within a defined time period, the path is abandoned and another direction chosen, until the ligand exits the binding site.
The random force F rand is expressed thus:
where k is a force constant which is kept constant throughout the whole simulation, and r o is the unit vector whose magnitude is also kept constant, but whose direction is changed randomly if the ligand velocity drops below a certain value.
In their implementation, Lüdemann et al. As test systems, they produced 14 trajectories on the cytochrome P450cam-camphor complex, 4 trajectories on the same protein complexed with 5-hydroxycamphor, and also 4 trajectories using the ligand endo-borneol allyl ether. They discovered three main exit pathways, which they named pathways 1 to 3. Camphor Unfortunately, the random force method developed is not linked to any free energy estimation routine, so would be able to predict an unbinding pathway only.
Work is in progress to couple the two methods.
Conclusions
Since the advent of simulations methods in the 1950's, they have been gradually taken up by biologists to study ligand-receptor interactions. This method has proved to be another useful tool in the armamentarium of scientists. Used properly, it is capable of giving us information which complements experimental data.
DL POLY has been used for some of the simulations described. It has many advantages. It is a well-written and transparent piece of software based on rigorous physics (for example, the Nosé-Hoover thermostat 22 available gives an NVT ensemble, unlike some temperature-stabilising regimes which makes the temperature constant but does not give an NVT ensemble 48 ). The intrinsic options available caters for a large variety of potentials and simulation conditions, it is parallelisable, and the programme package allows the user to alter the source code easily; this is important in research where new potentials, simulation conditions and/or simulation methods need to be incorporated.
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